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The inﬂuenza virus genome replicates in the host cell nucleus, and the progeny viral ribonucleopro-
teins (vRNPs) are exported to the cytoplasm prior to maturation. The inﬂuenza virus NS2 protein has
a nuclear export signal (NES) and binds to M1. It is therefore postulated that vRNP is exported from
the nucleus by binding to NS2 through M1. However, the signiﬁcance of the association between NS2
and M1 for the nuclear export of vRNP is still poorly understood. We herein demonstrate that the C-
terminal domain of NS2 (residues 81–100) is essential for M1 binding and the nuclear export of
progeny vRNPs.
Structured summary:
MINT-8057301, MINT-8057317: NS2 (uniprotkb:P03508) binds (MI:0407) to M1 (uniprotkb:P03485) by
pull down (MI:0096)
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The genome of type A inﬂuenza virus consists of eight single-
stranded RNAs of negative polarity. The viral RNA (vRNA) exists
in a complex with nucleoprotein (NP) and the three viral RNA
dependent RNA polymerase subunits PA, PB1, and PB2 to form
the viral ribonucleoprotein complexes (vRNP). The replication
and transcription of the inﬂuenza viral genome occur in the nu-
cleus. Newly synthesized vRNPs are exported to the cytoplasm
prior to inﬂuenza virus maturation. Previous studies have demon-
strated that M1 is essential for the nuclear export of vRNP because
the inhibition of M1 synthesis by H-7 blocked the nuclear export of
vRNPs [1,2]. There are conﬂicting reports on which domain of M1
binds to vRNP. Several studies have demonstrated that the N-ter-
minal domain of M1 interacts with NP [3,4], while another study
described that the C-terminal domain of M1 binds to vRNPs or to
NP [5]. Previous studies also have shown that the 101RKLKR105
sequence of M1 located in this domain mediates binding to RNAchemical Societies. Published by E
Biology of Infectious Agents,
iversity, 1-14 Bunkyo-Machi,
yashi).[6] and acts as a nuclear-localization signal (NLS) [7]. M1 has been
reported to inhibit the re-import of vRNPs into the nucleus [8].
Therefore, it is thought that M1 plays two roles in the nuclear ex-
port of vRNPs: thus promoting the export and inhibiting the re-im-
port of vRNP. We and others previously reported that the nuclear
export of vRNP is mediated by the cellular protein CRM1/expor-
tin1, a member of the importin b family of the nuclear transport
receptors, which is inhibited by leptomycin B (LMB) [9,10]. CRM1
binds to the target protein which has a leucine-rich nuclear export
signal (NES) [11–13]. M1 does not contain the leucine-rich NES,
while NS2 does contain the leucine-rich NES (12ILMRMSKMQL21).
Thus the nuclear export of vRNP is mediated by vRNP-M1-NS2
complex. It is also reported that NS2 can replace the NES function
of HIV-Rev [14]. When a cell is infected with a recombinant virus
that cannot express NS2 or contain mutations in the NES of NS2,
vRNP nuclear export is blocked [15]. NS222–53 interacts with a cel-
lular protein nucleoporin, hNup98, a cofactor for CRM1-mediated
nuclear export protein [16,17]. The hNup98-CRM1-NS2 is com-
plexed in the nucleus. NS2 appears to mediate the nuclear export
of vRNP through CRM1. It has been reported that NS2 interacts
with M1 in vitro [18,19]. Therefore, the progeny vRNP is thought
to be transported to the cytoplasm by binding to NS2 through
M1. However, NS2 may directly bind to vRNPs because NS2 regu-
lates the transcription and replication of the virus genome in thelsevier B.V. All rights reserved.
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directly bind to NP without M1 in inﬂuenza B virus-infected cells
[21]. Thus, the precise mechanism of M1 and NS2 in the nuclear ex-
port of vRNPs is not currently understood.
In the present study, we observed that NS2 binds to M1 through
its C-terminal domain (residues 81–100), which is essential for the
nuclear export of vRNP in infected cells. Furthermore, we charac-
terized the NS2 binding domain on M1 using a series of mutant re-
combinant M1 proteins. The association between NS2 and M1 was
mediated by ionic interactions. We also discuss the possibility that
a factor other than NS2 may be involved in the nuclear export of
vRNPs.Fig. 1. Association of NS2 with M1 by ionic interactions. (A) GST pull-down assay
using GST-fused NS2 (0.5 lg) and puriﬁed His-M1 (2.0 lg). The GST-fused NS2
mutants on the glutathione sepharose beads were incubated with His-M1. The
beads were washed with NET/NP-40 buffer containing 0.1, 0.5, or 1.5 M NaCl. A
Western blot analysis was performed using either anti-GST (lower panel) or anti-
M1 (upper panel). In this assay, 1/50 of total volume of His-M1 was loaded as the
input (lane 1), and 1/4 of total volume of each eluted sample was loaded (lanes 2–
7). (B) The binding efﬁciency of GST-fused NS2 to His-M1. The relative intensity was
shown as the ratios of the band intensity of His-M1 in each lane to those of GST-
fused proteins bound to glutathione sepharose beads. The band intensity was
measured using the image analyze software package (Image J). The data represent
the means and standard deviations from three independent experiments.2. Materials and methods
2.1. Cell and antibodies
HeLa cells were grown in minimal essential medium (MEM)
(SIGMA) containing 10% fetal bovine serum. The anti-M1 antibody
was prepared as previously described [22]. The anti-NP monoclo-
nal antibody (mAb61A5) preferentially immunoprecipitates the
NP residing in the vRNP complex but not free NP was kindly pro-
vided by Dr. F. Momose (Kitazato University) [23]. The anti-GST
antibody and anti-His antibody were purchased from GE health-
care and Santa Cruz, respectively.
2.2. Vector
The His-M1WT, His-M1DN, His-M1DM and His-M1DC plas-
mids have been described previously [24]. To construct pCAGGS-
GFP, the GFP fragment was ampliﬁed from pEGFP-C1 by PCR.
pCAGGS was digested with EcoRI and treated with the Klenow frag-
ment. The PCR product was ligated to pCAGGS. To make the
pCAGGS-GFP-NS2, pCAGGS-GFP-NS2DN, pCAGGS-GFP-NS2DC1,
pGEX-NS2, pGEX-NS2DN, pGEX-NS2DC1, and pGEX-NS2DC2 plas-
mids, NS2 fragments were ampliﬁed from pET14b-NS2 by PCR
using the following primer sets: NS2-up (50-GGAATTCCATA-
TGGATCCAAACACTGTGTCAAGCTTTCAG-30) and NS2-low (50-GCT-
TAAGCTCGAGTTAAATAAGCTGAAATGAGAAAGTTCTTATCTCTTGCT-
30), NS2DN (50-GGAATTCCATATGCTCCACTCACTCCAAAACAGAAAC-
30) and NS2-low, and NS2-up and NS2DC1 (50-CCCCTCGAGCT-
AAATCAACCATCTTATTTCTTCAAACTTCTG-30), NS2-up and NS2DC2
(50-CCCCTCGAGCTACATAAATGTTATTTGCTCAAAACTATTCTCTG-30),
and were digested with EcoRI and XhoI. The PCR fragments were
inserted into the EcoRI- and XhoI-digested site of pCAGGS-GFP or
pGEX6p-1, respectively. To make pCAGGS-GFP-NS2DM and
pGEX-NS2DM, NS2 fragments were ampliﬁed from pET14b-NS2
by PCR using the primer sets NS2-up and NS2DM54 (50-CCCCCG-
ATATCTCCCATTCTCATCACTGCTTCTC-30), and NS2D79 (50-CCCC-
CGATATCGAAGAAGTGAGACACAAACTGAAGAT-30) and NS2-low.
The fragment encoding residues 1–54 of NS2 was digested with
EcoRI and EcoRV, and the fragment encoding residues 80–121 of
NS2 was digested with EcoRV and XhoI. These fragments
were inserted into the EcoRI and XhoI site of pCAGGS-GFP or
pGEX6p-1, respectively.
2.3. Puriﬁcation of recombinant His-M1 and GST-NS2
His-M1 was puriﬁed in accordance with the pET-systemmanual
(Novagen) and a previous report [24] with some modiﬁcations.
Brieﬂy, His-M1 expression Escherichia coli was sonicated in a bind-
ing buffer (5 mM imidazole, 0.1 M NaCl, 20 mM Tris–HCl (pH 7.9),
and 1% CHAPS) and puriﬁed His-M1 was immediately used for
GST-pull-down assays. GST-NS2 was puriﬁed in accordance with
the glutathione sepharose 4B manual (GE healthcare) with somemodiﬁcations. Brieﬂy, the E. coli expressing GST-NS2 was sonicated
in a NET/NP-40 buffer (50 mM Tris–HCl (pH 7.9), 0.1 M NaCl, 5 mM
EDTA, and 0.1% NP-40) and the NET/NP-40 buffer was also used as
wash buffer. We conﬁrmed the purity of His-M1 and GST-NS2 by
CBB staining (data not shown).
2.4. Pull-down assays
For the GST pull-down assay, GST-fused NS2 bound to 10 ll
(bed volume) of glutathione sepharose beads (GE healthcare) were
incubated at 4 C for 1 h with puriﬁed His-M1 (2.0 lg) in the NET/
NP-40 buffer. The beads were washed with the NET/NP-40 buffer
three times at 4 C. For the detection of GST-NS2 and His-M1, a
Western blot analysis was performed using either anti-GST or
anti-M1. For the His-tag pull-down assay, His-M1 bound to 10 ll
(bed volume) of His-bind resin (Novagen) was incubated for 1 h
at 4 C with puriﬁed GST-NS2 (2.0 lg) in the binding buffer. The
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the detection of GST-NS2 and His-M1, a Western blot analysis was
performed using either anti-GST or anti-His.
2.5. Transfection, virus infection and indirect immunoﬂuorescence
HeLa cells were grown on a 60 mm-diameter dish at 50% conﬂu-
ence and transfected by using the calcium phosphate-mediated
method. At 6 h posttransfection, the medium was replaced withFig. 2. Association of NS2 with M1 through the NS2 C-terminal domain. (A) Schematic re
indicated by a thick bar. (B) GST pull-down assay using GST-fused NS2 deletion muta
sepharose beads were incubated with His-M1. For the detection of the GST-NS2 and His
anti-M1 (upper panel). In this assay, 1/10 of total volume of His-M1 was loaded as the in
(C) The binding efﬁciency of GST-fused NS2 deletion mutants to His-M1. The relative inte
GST-fused proteins bound to glutathione sepharose beads. The band intensity was mea
means and standard deviations from three independent experiments. The open boxes re
the closed boxes relative intensity in the presence of His-M1. (D) A schematic represent
indicated by a thick bar. (E) Pull-down assay using His-tag fused M1 deletion mutants (
were incubated with GST or GST-NS2. For the detection of the His-M1 and GST-NS2, a W
(upper panel). In this assay, 1/20 of total volume of His-M1 was loaded as the input (lanes
The binding efﬁciency of His-tag fused M1 deletion mutants to GST-fused NS2. The relati
NS2 (closed box) in each lane to those of His-tag fused M1 mutants bound to His-bind
(Image J). The data represent the means and standard deviations from two independentthe fresh growth medium, and then the cells were further incu-
bated for 18 h. The cells were infected with the inﬂuenza A/
WSN/33 virus at a multiplicity of infection (MOI) of 3 per cell. After
the virus adsorption at 37 C for 1 h, the cells were washed with
the serum-free MEM and then were incubated at 37 C for 11 h
with the growth medium. The cells were ﬁxed by 4% paraformalde-
hyde in PBS at room temperature for 10 min, and were permeabi-
lized by 0.5% NP-40 in PBS at room temperature for 10 min. The
cells were thereafter incubated at room temperature for 1 h withpresentation of NS2 deletion mutants. The nuclear export signal (NES; aa 12–21) is
nts (0.5 lg) and His-M1 (2.0 lg). The GST-fused NS2 mutants on the glutathione
-M1, a Western blot analysis was performed using either anti-GST (lower panel) or
put (lane 1), and 1/4 of total volume of each eluted sample was loaded (lanes 2–13).
nsity was shown as the ratios of the band intensity of His-M1 in each lane to those of
sured using the image analyze software package (Image J). The data represent the
present the relative intensity in the absence of His-M1 as negative control, whereas
ation of M1 deletion mutants. The nuclear-localization signal (NLS; aa 101–105) is
1.0 lg) and GST-NS2 (2.0 lg). The His-tag fused M1 mutants on the His-bind resin
estern blot analysis was performed using either anti-His (lower panel) or anti-GST
1 and 2), and 1/4 of total volume of each eluted sample was loaded (lanes 3–10). (F)
ve intensity was shown as the ratios of the band intensity of GST (open box) or GST-
resin. The band intensity was measured using the image analyze software package
experiments.
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ature for 1 h with the ﬁrst primary antibody (anti-NP). After wash-
ing with 0.1% NP-40 in PBS, the cells were incubated at room
temperature for another 1 h with the second primary antibody
(Alexa546-conjugated anti-mouse IgG) (Invitrogen). After washing
with 0.1% NP-40 in PBS, the cells were incubated with 1.0 lM of
Hoechest 33342 (SIGMA) in PBS at room temperature for 10 min.
After washing with 0.1% NP-40 in PBS, the cells were observed un-
der a ﬂuorescence microscope (Carl Zeiss).3. Results
3.1. Association of NS2 with M1 by ionic interaction
To conﬁrm whether NS2 can bind to M1, a GST pull-down as-
say was performed. GST-fused NS2 bound to glutathione sephar-
ose beads was incubated with puriﬁed His-M1. The beads were
washed with NET/NP-40 buffer containing different concentra-
tions of NaCl (0.1, 0.5 or 1.5 M) and were then subjected to aFig. 3. Involvement of the NS2 N- and C-terminal domains in the nuclear export of vRNP.
cells were transfected with the GFP-fused NS2 deletion mutant expression vectors. The ce
the cells were ﬁxed, and NP was visualized by immunoﬂuorescence staining. (B) The perc
percentage of GFP-fused NS2 mutant-expressing cells in which NP accumulated in the nu
and NP localized cells totaled 50 (N = 50). The data represents the means and standardWestern blot analysis. As shown in Fig. 1A, NS2 bound to puri-
ﬁed His-M1 (lane 5). His-M1 was dissociated from GST-NS2 by
washing the beads with buffer containing 0.5 M or 1.5 M NaCl
(lanes 6 and 7). The results of Fig. 1A were quantiﬁed using
the Image J software package (Fig. 1B). The relative band inten-
sity of GST-NS2 under different washing conditions (0.1, 0.5 or
1.5 M NaCl) was 0.79 ± 0.16, 0.13 ± 0.07 or 0.05 ± 0.03, respec-
tively. These results indicate that as NaCl concentration increases
while the band intensity decreases. These results therefore
suggest that the association between NS2 and M1 is mediated
by ionic interactions.
3.2. Association of NS2 with M1 through the NS2 C-terminal domain
To identify the M1 binding region on NS2, a GST pull-down as-
say was performed using the NS2 deletion mutants (Fig. 2A).
NS2DN lacks the amino acid residues 1–54 including the NES
sequence, NS2DM lacks amino acid residues 55–80, NS2DC1 lacks
the amino acid residues 81–121, and NS2DC2 lacks the amino acid
residues 101–121. GST-fused NS2 deletion mutants were(A) The localization of NP in cells expressing GFP-fused NS2 deletion mutants. HeLa
lls were thereafter infected with A/WSN/33 at a MOI of three. At 12 h after infection,
entage of the cells with NP accumulated in the nucleus. The black box indicates the
cleus, relative to the number of GFP-positive cells. The total number of GFP-positive
deviations from three independent experiments.
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NP-40 buffer then subjected to a Western blot analysis. We ob-
served that M1 bound to GST-NS2, GST-NS2DN, GST-NS2DM, and
GST-NS2DC2, but did not bind to GST-NS2DC1 (Fig. 2B). We also
observed non-speciﬁc bands below the His-M1 bands (lanes 6
and 7). The result of Fig. 2B was quantiﬁed using the image J soft-
ware package (Fig. 2C). The relative intensity of GST, GST-NS2, GST-
NS2DN, GST-NS2DM GST-NS2DC1 and GST-NS2DC2 is 0.01 ± 0.01,
0.96 ± 0.17, 1.39 ± 0.35, 1.42 ± 0.42, 0.03 ± 0.01 and 1.52 ± 0.42,
respectively. The band intensity of GST-NS2DC1 was clearly low
compared to that of other deletion mutants. These results suggest
that the amino acid residues 81–100 on NS2 are essential for M1
binding. To identify the NS2 binding region on M1, a pull-down as-
say using M1 deletion mutants (Fig. 2D) was performed (Fig. 2E).
His-M1DN lacks the amino acid residues 1–75, His-M1DM lacks
amino acid residues 76–115, including the NLS sequence, and
His-M1DC lacks amino acid residues 112–252 [24]. His-tag fused
M1 bound to the His-bind resin incubated with puriﬁed GST-
NS2. The beads were washed with the binding buffer and were
subjected to a Western blot analysis. We observed that NS2 bound
to His-M1, His-M1DN, and His-M1DC but did not bind to His-
M1DM (Fig. 2E). The result of Fig. 2E was quantiﬁed using the Im-
age J software package (Fig. 2F). The relative intensity of His-M1,
His-M1DN, His-M1DM and His-M1DC is 0.96 ± 0.08, 0.60 ± 0.03,
0.03 ± 0.03 and 0.78 ± 0.05, respectively. The band intensity of
His-M1DM is clearly low compared to that of other deletionFig. 4. A model of function of NS2 in nuclear import and export of vRNP. The CRM1-NS
cytoplasm from the nucleus. NS2 inhibits the re-import of vRNPs into the nucleus becau
After the nuclear export of vRNPs, the CRM1 dissociated from vRNP complex, and the NS2
vRNP, the NES of NS2 do not inhibit the nuclear import of vRNPs because M1-NS2 dissoci
importin-dependent pathway.mutants (Fig. 2F). These results suggest that the amino acid resi-
dues 76–115 on M1 are essential for NS2 binding.
3.3. Involvement of the NS2 N- and C-terminal domains in the nuclear
export of vRNP
To clarify whether the M1 binding domain on NS2 is involved in
the nuclear export of vRNP, the localization of vRNP in cells
expressing NS2DC1 was determined. The plasmid encoding GFP-
NS2DN, GFP-NS2DM or GFP-NS2DC1 was transfected into HeLa
cells. At 24 h after transfection, the cells were infected with the
inﬂuenza virus at a MOI of three and cultured for another 12 h.
To detect the vRNPs, indirect immunoﬂuorescence was performed
using the anti-NP monoclonal antibody (mAb61A5) which recog-
nize conformational epitope of NP complexed with vRNP [23,25].
In the cells transfected with the plasmid encoding GFP, GFP-NS2
or GFP-NS2DN, GFP ﬂuorescence was identiﬁed in both the cyto-
plasm and the nucleus. On the other hand, the cells transfected
with the plasmid encoding GFP-NS2DM or GFP-NS2DC1, GFP ﬂuo-
rescence was identiﬁed in the nucleus (Fig. 3A). The vRNPs were
localized in both the nucleus and cytoplasm of cells which are
expressing GFP, GFP-NS2 and GFP-NS2DM, whereas the vRNP
accumulated in the nucleus of cells which are expressing GFP-
NS2DN and GFP-NS2DC1 (Fig. 3A). The number of GFP-positive
infected cells that exhibited vRNP localization only to the nucleus
were quantiﬁed (Fig. 3B). The percentage of NP localized in the2-M1-vRNP complex is formed in the nucleus, and this complex is exported to the
se the C-terminal domain of NS2 binds to the middle domain of M1 containing NLS.
-M1-vRNP complex is incorporated into the virion. In the nuclear import process of
ated from vRNP by acidiﬁcation, and the vRNPs were imported to the nucleus by the
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(GFP-NS2DN), 25.7 ± 2.5% (GFP-NS2DM) and 84.8 ± 8.6% (GFP-
NS2DC1). These results suggest that both the NS2 C-terminal do-
main and the NES-containing N-terminal domain have a crucial
role in the nuclear export of vRNP in infected cells.
4. Discussion
It has been reported that NS2 binds to M1, which lacks residues
1–88 [18]: in the present study, we have demonstrated that the M1
amino acid residues 76–115 are essential for binding to NS2
(Fig. 2E). The NS2 amino acid residues 81–100 are essential for
binding to M1 (Fig. 2B). We assumed that NS2 binds to M1 by ionic
interactions, because the binding region on M1 has positively
charged NLS (101RKLKR105), while the binding region on NS2 has
negatively charged amino acids, and M1 is dissociated from NS2
by high-salt buffers (Fig. 1A, lanes 6 and 7). Using the anti-NP
mAb61A5 which speciﬁcally recognize the NP complexed with
the vRNP, our data clearly suggests that vRNP was almost com-
pletely exported to the cytoplasm from the nucleus of cells
expressing GFP-NS2DM, on the other hand, vRNP accumulates in
the nucleus of cells expressing GFP-NS2DC1 (Fig. 3), because they
are incapable of binding to vRNP through M1 (Fig. 2B). These ﬁnd-
ings suggest that the NS2 C-terminal domain plays a crucial role in
the nuclear export of vRNP in infected cells, while also inhibiting
the re-import of vRNPs into the nucleus by concealing the NLS
(101RKLKR105) of M1 (Fig. 4). NS2 protein has been reported to be
found in the puriﬁed inﬂuenza virion in infected cells [26]. We as-
sume that after the nuclear export of vRNPs, the CRM1 dissociates
from the vRNP complex, and the NS2-M1-vRNP complex is thus
incorporated into the virion. On the other hand, the NES of NS2
do not inhibit the nuclear import of the vRNPs because the vRNPs
are released into cytoplasm through HA mediated membrane fu-
sion and M1 dissociated from vRNP by acidiﬁcation [27,28]
(Fig. 4). vRNP accumulates in the nucleus of cells expressing GFP-
NS2DN which lacks amino acid residues 1–54 (Fig. 3) because this
mutant lacks the NES (12ILMRMSKMQL21) [14,15] and the hNup98
binding site (NS222–53) [16]. However, NP was present in both the
nucleus and the cytoplasm in 35.1 ± 1.9% of cells expressing GFP-
NS2DN (Fig. 3B). It is possible that vRNPs were also exported to
the cytoplasm through another CRM1-dependent pathway. GFP-
NS2DN could not compete with another factor for binding to
CRM1. In contrast, NS2DC1 almost completely inhibited the nucle-
ar export of vRNP. We assume that overexpression of NS2DC1
binds to CRM1 compete with other factors containing the NES.
We previously identiﬁed heat shock cognate protein 70 (Hsc70),
a constitutive form of a Hsp70 family protein, as a protein that
binds to M1 in infected cells [24]. Hsc70 contains the NES in its
N-terminal domain and is complexed with vRNP in infected cells,
and thereafter becomes incorporated into the virions. Therefore,
it is possible that Hsc70 as well as NS2 mediate the export of vRNP
through M1 binding [29]. Further studies are ongoing to determine
the detailed mechanism of vRNP export.
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